The mTOR pathway is hyperactivated through oncogenic transformation in many human malignancies. Ridaforolimus (AP23573; MK-8669) is a novel rapamycin analogue that selectively targets mTOR and is currently under clinical evaluation. In this study, we investigated the mechanistic basis for the antitumor activity of ridaforolimus in a range of human tumor types, exploring potential markers of response, and determining optimal dosing regimens to guide clinical studies. Administration of ridaforolimus to tumor cells in vitro elicited dose-dependent inhibition of mTOR activity with concomitant effects on cell growth and division. We showed that ridaforolimus exhibits a predominantly cytostatic mode of action, consistent with the findings for other mTOR inhibitors. Potent inhibitory effects on vascular endothelial growth factor secretion, endothelial cell growth, and glucose metabolism were also observed. Although PTEN and/or phosphorylated AKT status have been proposed as potential mTOR pathway biomarkers, neither was predictive for ridaforolimus responsiveness in the heterogeneous panel of cancer cell lines examined. In mouse models, robust antitumor activity was observed in human tumor xenografts using a series of intermittent dosing schedules, consistent with pharmacodynamic observations of mTOR pathway inhibition for at least 72 hours following dosing. Parallel skin-graft rejection studies established that intermittent dosing schedules lack the immunosuppressive effects seen with daily dosing. Overall these findings show the broad inhibitory effects of ridaforolimus on cell growth, division, metabolism, and angiogenesis, and support the use of intermittent dosing as a means to optimize antitumor activity while minimizing systemic effects.
Introduction mTOR is a highly conserved serine/threonine kinase that acts as a central regulator of cell growth and division, integrating cellular cues in response to nutritional and environmental conditions (1) (2) (3) . In this role, mTOR functions as a sensor of nutrient, mitogen, and energy levels, and serves as a 'gatekeeper' for the G 1 -to S-phase transition of the cell cycle (2) . The prototypic mTOR inhibitor, the natural product macrolide rapamycin, was initially characterized as having antifungal activity, but subsequently determined to have broad antiproliferative and cytostatic activity against eukaryotic cells (4) . Due to particularly potent activity against activated T cells, a daily dosing regimen of rapamycin (Rapamune) was approved for the prevention of allograft rejection following organ transplantation.
Early work evaluating the immunosuppressive activity of rapamycin also showed antitumor activity, leading to the identification of mTOR as a potential target for cancer therapy. Signaling pathways that impinge on mTOR activity, most prominently the PI3K/AKT axis, are commonly dysregulated during tumorigenesis, suggesting that mTOR signaling contributes to maintenance of a transformed phenotype (2, 3) . Accordingly, hyperactivation of PI3K/AKT signaling is linked to critical aspects of tumor cell biology, including resistance to apoptosis, increased cell proliferation, and metabolism (5) (6) (7) . Aberrant activation of this pathway can occur through functional loss of the PTEN tumor suppressor, mutations of which occur with high frequency in human malignancies. Indeed, it has been reported that tumors that harbor defects in PTEN function can be hypersensitive to inhibition of mTOR in preclinical studies (8, 9) . AKT also modulates mTOR signaling through the activity of another tumor suppressor, the tuberous sclerosis complex (TSC; ref. 10 ). This complex is a heterodimer of 2 proteins, TSC1 and TSC2, which serves as a negative upstream regulator of mTOR activity (11) . Mutations in these genes result in the tumor-prone syndrome tuberous sclerosis.
Constitutive mTOR signaling contributes to malignant transformation, at least in part, through promotion of cell-cycle progression. mTOR controls protein synthesis through the activation of S6 kinase (S6K1) and its substrate ribosomal protein S6, and through the inactivation of the repressor of mRNA translation, eukaryotic initiation factor 4E-binding protein (4E-BP1). By regulating translation of proteins critical for exit from the G 1 phase of the cell cycle, such as cyclin D1 (12, 13) , and by stimulating mislocalization and elimination of the cyclin-dependent kinase inhibitor p27 kip1 (14) , mTOR plays a key role in regulating progression through the cell cycle and therefore cell proliferation. Although blockade of the mTOR pathway leads to apoptosis in some instances (15, 16) , a cytostatic effect is more generally observed (17, 18) . Further, elevated mTOR activity provides tumors with additional selective advantages. As a cellular nutrient sensor, mTOR signaling promotes glucose utilization via increased expression and activity of the glucose transporter GLUT1 (19, 20) . In addition, mTOR is a known regulator of HIF-1a expression and activity (19) , which in turn controls expression of vascular endothelial growth factor (VEGF), a factor important for tumor vascularization (21, 22) , and by stimulating VEGF-dependent proliferation of endothelial cells (23) . Therefore, inhibition of mTOR function can exert antitumorigenic effects through multiple mechanisms that impact cell growth, division, metabolism, and angiogenesis. In this regard, treatment of tumor cells with rapamycin inhibits all of these processes and induces a phenotype that resembles that seen with nutrient starvation (24) .
Collectively, these observations identify mTOR as an attractive molecular target for therapeutic intervention in human cancer. As a consequence, analogues of rapamycin have emerged as a class of drugs currently being developed for their antineoplastic properties (25) . Ridaforolimus (AP23573; MK-8669) is a novel nonprodrug analogue of rapamycin, designed to inhibit the growth and proliferation of tumor cells by inhibiting the activity of the mTOR protein (26) . In early clinical trials, this agent has shown antitumor activity against a variety of human cancers (27, 28) . The overall goal of the present study was to explore the in vitro and in vivo pharmacology of ridaforolimus to guide ongoing clinical development. A series of studies were conducted to dissect the mechanism of action of the compound and to evaluate the antiproliferative and antitumor activity across a range of cancer types. In addition, we explored potential molecular correlates of ridaforolimus sensitivity in vitro, consistent with the aim of identifying patients who might respond best to therapy. Finally, we explored the efficacy of the compound in mouse models, including an exploration of intermittent dosing schedules as a means to optimize the antitumor potency of the compound while minimizing systemic effects.
Materials and Methods

Antibodies and reagents
Ridaforolimus (AP23573; MK-8669; Supplementary  Fig. S1 ) was synthesized at ARIAD Pharmaceuticals. A 1 mmol/L stock solution of ridaforolimus in ethanol was prepared and was diluted in the appropriate cell culture medium for in vitro cellular assays. For in vivo studies, ridaforolimus was diluted in a vehicle of 4% ethanol, 5% Tween 80, and 5% propylene glycol. Antibodies used were all rabbit polyclonals and included phospho-S6 ribosomal protein (Ser235/236) and phospho-AKT (Ser473) from Cell Signaling Technology; phospho-4E-BP1 (Ser65/Thr70) from Santa Cruz Biotechnology; GLUT1 and GAPDH (glyceraldehyde-3-phosphate dehydrogenase) from Abcam; GLUT4 from Millipore; and HIF-1a from BD Biosciences. The PTEN status of cell lines was determined by immunoblotting with a PTEN antibody (Cell Signaling Technology). The results were in agreement with those reported by the Cancer Genome Project (Wellcome Trust Sanger Institute, UK; http://www.sanger.ac.uk/genetics/CGP).
Cell culture
The following human tumor lines were obtained from the American Type Culture Collection (ATCC): HCT-116, SK-UT-1, HT-1080, SW872, MCF7, SK-LMS-1, U-87, A-204, PC-3, and SK-UT-1B. The TRI102 (#PTA-7368) and TRI103 (#PTA-7369) were obtained from the patent deposit, ATCC. Endothelial cells [human umbilical vein endothelial cells (HUVEC)] were obtained from Cell Applications, Inc. Cells were maintained and cultured according to standard techniques at 37 C in 5% (v/v) CO 2 using culture medium recommended by the supplier. All ATCC cell lines were authenticated by the company routine Cell Biology Program and were used within 6 months of receipt for this study. No authentication of the HUVEC line was done by our authors.
Flow cytometric analysis
HT-1080 (human fibrosarcoma) cells cultured in 10-cm dishes were treated for 24 hours with 100 nmol/L ridaforolimus, vehicle, or media alone (no treatment). The cells were then harvested and fixed with 70% ethanol/ 30% PBS overnight at 4 C. Fixed cells were washed and then sequentially incubated with 50 mg/mL RNase A (37 C for 30 minutes) and 20 mg/mL propidium iodide (room temperature for 30 minutes in the dark). DNA content was assessed using a FACSort flow cytometer and CELLQuest V3.1 software (Becton Dickinson). The percentage of cells in each phase of the cell cycle was estimated from the FL2-A channel data using ModFit LT for Mac V2.0 software (Verity Software House, Inc.). For cell size analysis, HT-1080 cells were incubated for 72 hours in the presence or absence of ridaforolimus at a concentration of 100 nmol/L. Cells were harvested, fixed in 70% ethanol, and analyzed on a FACSort flow cytometer. Cell size was monitored by measuring the mean forward scatter height (FSC-H). Forward scatter is proportional to cell surface area and provides a measure of relative cell size. Mean FSC-H values were obtained from FSC-H histograms.
Glucose uptake assay and GLUT1 surface expression Exponentially growing HT-1080 cells were treated with 100, 10, 1, 0.1 and 0.01 nmol/L ridaforolimus or vehicle. Cells were incubated for 48 hours before trypsinization and harvesting for glucose uptake and GLUT1 surface expression analysis. For glucose uptake, cells were stained with buffer containing 15% FBS, 0.25 mmol/L 2-deoxyglucose (2-DG), and 10 mmol/L 2-(N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino)-2-deoxyglucose (2-NBDG) for 2 hours at 37 C, and protected from light. After staining, cells were passed through a 30 mm mesh filter, maintained in the dark on ice, and analyzed immediately by flow cytometry. For the GLUT1 ligand binding assay, 10 5 cells were incubated in PBS containing 2% FBS and a 1:25 stock dilution of enhanced green fluorescent protein conjugated GLUT1 ligand (AbCys S.A.) for 30 minutes at 37 C, and protected from light. Cells were washed, maintained on ice in the dark, and analyzed immediately by flow cytometry. Glucose uptake levels and GLUT1 ligand binding were each determined by fluorescence-activated cell sorting (FACS) analysis using a FACSort flow cytometer and CellQuest Software. Intact single cells (1 Â 10 4 ) were collected and the geometric mean FL-1 fluorescence was measured by the CELLQuest software. The relative percent glucose uptake or GLUT1 surface expression for each sample was then calculated using the formula: relative percentage (%) ¼ (sample geometric mean fluorescence/vehicle treated geometric mean fluorescence) Â 100. The relative glucose uptake and GLUT1 surface expression (%) values for the HT-1080 cells AE ridaforolimus are presented.
Immunoblotting
HT-1080 cells were treated with increasing concentrations of ridaforolimus (0-100 nmol/L) for 2 hours. To measure glucose transporter expression, HT-1080 cells were cultured in the presence or absence of 100 nmol/L ridaforolimus for 72 hours. In separate experiments, PC-3, U87, SK-LMS-1, SW872, HT-1080, SK-UT-1, and HCT116 cells were treated with a single 100 nmol/L dose of ridaforolimus for 2 and 24 hours before cell harvest. Cellular lysates were extracted in denaturing lysis buffer, resolved on SDS-PAGE and transferred to PVDF membranes. After blocking, membranes were incubated with primary antibodies for 1 hour, followed by appropriate horseradish peroxidase-conjugated secondary antibodies for 1 hour at room temperature. Immunoreactive proteins were detected using the enhanced chemiluminescence method and autoradiography carried out by exposure to X-ray film.
In vitro proliferation assays
Exponentially growing cell lines were plated into two 96-well plates and incubated overnight at 37 C. Twentyfour hours after plating, 1 plate (D1) was aspirated and stored at À80 C. The other plate (D4) was treated with 10-fold serial dilutions of ridaforolimus (1,000 to 0.0001 nmol/L) or vehicle (ethanol). Following 72 hours culture at 37 C, the plates were aspirated and stored at À80 C for proliferation analysis. The D1 and D4 plates were assessed simultaneously for cell growth using the CyQUANT Cell Proliferation Assay Kit (Invitrogen). Doubling time (DT) ¼ [0.301 Â (72)/log(day4/day1)]. Doublings ¼ 72/DT. Cell growth rate (%) ¼ doublings ridaforolimus/doublings vehicle Â 100. I max ¼ 100 À cell growth rate (%) at the dose at which maximum inhibition is observed. I max was used to determine the relative sensitivity of each cell line.
Measurement of VEGF production
HT-1080 cells were engineered to constitutively secrete human growth hormone (hGH) by retroviral transduction with the LGH vector to generate the HT-1080/LGH cell line. The LGH vector is a derivative of pLXSN (Clontech) containing the human growth hormone coding region under the control of the retroviral LTR. HT-1080/LGH cells were seeded into 24-well plates and incubated in the presence of increasing concentrations of ridaforolimus (0-100 nmol/L). Media was replaced plus or minus the appropriate drug concentration every 24 hours for 5 days. Levels of VEGF and hGH secreted into the cell culture medium were quantitated using commercial ELISA kits according to manufacturers' instructions (R&D Systems Inc. and Roche Applied Science, respectively). VEGF levels were normalized to hGH levels and expressed as a percentage of normalized VEGF secretion in untreated cells.
Immunosuppression studies
All animal research protocols were carried out in accordance with the guidelines of the American Association of Laboratory Animal Care. Female C57bl/6 and BALB/c mice, 5 to 6 weeks of age, were received from Charles River Laboratories. C57bl/6 mice received Balb/c skin allografts on their backs and were randomized into 7 groups of 10 animals. Ridaforolimus or vehicle was administered subcutaneously, in the rear haunch area, to avoid inadvertent disruption of the grafted skin. A control group was administered vehicle once daily. The remaining 6 groups received ridaforolimus at 3 or 10 mg/kg, either daily, 5 continuous days every other week, or once weekly. Administration of vehicle or ridaforolimus was initiated on the day of skin-graft transplantation. All animals were dosed until full rejection of their graft (assessed by visual inspection). The duration of skin-graft survival was determined within each treatment group and was compared with the duration of the skin-graft survival in the vehicle control group.
In vivo growth inhibition studies
Five-to 6-week-old male and female athymic NCr-nu mice (Taconic Farms; Charles River Laboratories) were used. Xenografts were established by subcutaneous implantation of 30-to 40-mg fragments of PC-3, A549, HCT-116, MCF7, and PANC-1 tumors in mice near the right axilliary area. Treatment was initiated when tumors reached 75 to 245 mm 3 in size after 8 to 20 days following implantation. Animals selected with tumors in the proper size range were assigned to various treatment groups (10 animals per cohort) so that the median tumor weights on the first day of treatment were as close as possible to each other. Ridaforolimus, at dosages of 3 and 10 mg/kg, was administered i.p. on 2 different treatment schedules: (a) daily, 5 continuous days every other week and (b) once weekly. The control group was untreated. For the sarcoma study, the human leiomyosarcoma cell line SK-LMS-1 was used. Seven-week-old female nude mice (Charles River Laboratories) were used for subcutaneous tumor cell implantation (2 Â 10 6 cells) at the right flank area on the back of each animal. Animals were randomly assigned to individual treatment groups (10 animals per cohort). Ridaforolimus, at dosages of 0.1, 0.3, 1, 3, and 10 mg/kg, was administered by the i.p. route using the daily for 5 days every other week schedule. The control group was treated with vehicle alone.
Mice were monitored daily and weighed twice per week. Tumor size was evaluated twice per week by caliper measurements using the following formula: tumor volume ¼ (length Â width 2 )/2. Tumor growth inhibition (TGI) was calculated when the treatment period was finished, TGI ¼ (1 À DT/DC) Â 100, where DT stands for mean tumor volume change of each treatment group and DC for mean tumor volume change of control group. The tumor volume data were collected and analyzed with 1-way ANOVA test (GraphPad PRISM). Each ridaforolimus treatment group was further compared with the vehicle control group for statistical significance using Dunnett's test. A value of P < 0.05 was considered to be statistically significant.
Pharmacokinetic and pharmacodynamic studies
The pharmacokinetics of ridaforolimus was determined in female NCr-nu nude mice after a single i.p. administration of 0.3, 1, 3, or 10 mg/kg. Ridaforolimus was formulated in a mixed vehicle (dimethyl acetamide/polysorbate 80/polyethylene glycol-400/water 10/10/40/40 (v/v/v/v)) and the formulation was administered at a fixed volume of 8 mL/kg. Blood was collected at 0.25, 0.5, 1, 2, 4, 6, 16, and 24 hours (4 mice/time point). A portion of blood was processed to plasma and ridaforolimus levels in whole blood and plasma were determined by an LC/MS/MS method. PK parameters were calculated using WinNonLin version 5.0.
For pharmacodynamics analysis, when SK-LMS-1 xenograft tumors reached $500 mm 3 in size cohorts of 3 mice each were administered ridaforolimus i.p. and tumors harvested 6, 24, or 72 hours later. Individual tumors were homogenized in ice-cold radioimmunoprecipitation assay buffer containing protease and phosphatase inhibitors and clarified by centrifugation. Tumor lysates were analyzed by immunoblotting using antibodies against phospho-S6 (S235/236), phospho-4E-BP1 (Ser65/Thr70) and GAPDH. Phospho-S6 and phospho-4E-BP1 levels were normalized to the amount of total GAPDH present in each sample and then expressed as a relative percentage compared with the vehicle treated controls. Ridaforolimus concentrations in plasma were determined at the same time points as described above. Reported concentrations are the mean values from 3 mice/time point/group.
Results
Ridaforolimus inhibits key cellular activities controlled by mTOR
The ability of ridaforolimus to inhibit mTOR activity was initially assessed by determining its effect on phosphorylation of the downstream signaling proteins ribosomal protein S6 and 4E-BP1. Treatment of HT-1080 fibrosarcoma cells with ridaforolimus resulted in a dose-dependent inhibition of phosphorylation of both S6 and 4E-BP1 (Fig. 1A) , with 50% of complete inhibition (IC 50 ) achieved at concentrations of 0.2 and 5.6 nmol/L, respectively, and 50% of maximal inhibition (EC 50 ) achieved at concentrations of 0.2 and 1.0 nmol/L, respectively. Whereas ridaforolimus treatment led to a complete inhibition of phosphorylation of S6 in these cells, 4E-BP1 phosphorylation was inhibited by only 54%, possibly reflecting the fact that 4E-BP1 can also be phosphorylated by an mTOR-independent mechanism in some cell lines (29) . This difference in effects of ridaforolimus on S6 and 4E-BP1 phosphorylation was also observed in another sarcoma cell line, SK-LMS-1, whereas in MCF-7 cells (breast) near complete inhibition of both S6 and 4E-BP1 phosphorylation was observed ( Supplementary Fig. S2 ). In all cell lines examined, the effects of ridaforolimus on S6 and 4E-BP1 phosphorylation were similar to those observed with rapamycin ( Supplementary Fig. S2 and data not shown).
Using a maximally efficacious concentration of ridaforolimus, we next examined its effect on cellular activities known to be regulated by mTOR. Treatment of HT-1080 cells with ridaforolimus led to a decrease in cell size, as reflected by a leftward shift in the mean FSC-H of cells analyzed by flow cytometry (Fig. 1B) and an increase in the proportion of cells in the G 1 phase of the cell cycle, as detected by an increase in the percentage of cells with diploid DNA content (Fig. 1C) . As evidenced by the lack of an increase in the sub-G 1 fraction (Fig. 1C) , ridaforolimus displayed no significant proapoptotic activity. This finding was confirmed by studies which failed to detect an increase in caspase 3/7 activity in HT-1080 cells, and other cell lines, treated with ridaforolimus (data not shown). As mTOR has also been implicated in the control of glucose uptake by tumor cells (19, 20) , we next evaluated the effects of ridaforolimus on this process. Treatment of HT-1080 cells with ridaforolimus inhibited glucose uptake by 43%, with the half maximal effect achieved between 0.1 and 1 nmol/L, and a parallel decrease in GLUT1 surface expression was observed (Fig. 1D) . Both HIF1a and GLUT1 total protein expression were also inhibited by ridaforolimus, whereas levels of the related GLUT4 transporter were unaffected (Fig. 1D,  inset) . Overall, these data show that ridaforolimus is a potent inhibitor of cell growth, division, and glucose metabolism, all key cellular activities regulated by mTOR.
Ridaforolimus inhibits proliferation of a broad panel of cell lines
We next set out to characterize the effect that ridaforolimus has on proliferation of a broad panel of cell lines and to examine molecular markers that might correlate with the level of sensitivity of cells to ridaforolimus. Because mTOR inhibition can have cytostatic effects (2), particular attention was paid to the assay methodology used to assess the sensitivity of cells to ridaforolimus to ensure compatibility with this potential mechanism. First, the effect of ridaforolimus on the rate of cell proliferation, rather than on absolute cell number, was examined. This readout was selected because the relative effect of a cytostatic drug on cell number is influenced by the normal doubling time of the cells being studied, making valid comparisons Figure 1 . Ridaforolimus attenuates mTOR signaling, resulting in cell shrinkage, cytostatic, and metabolic effects. A, to evaluate target inhibition, HT-1080 cells were treated with increasing concentrations of ridaforolimus for 2 hours before harvest and immunoblotting to assess levels of phosphorylated ribosomal protein S6 (p-S6) and 4E-BP1 (p-4E-BP1). GAPDH was included as a loading control. B, representative FSC-H graph with a plot of HT-1080 cells treated with 100 nmol/L ridaforolimus for 72 hours overlaid with a plot from untreated control cells. Mean FSC-H values for untreated and ridaforolimus-treated cells were 89 and 69, respectively. C, HT-1080 cells were incubated in the presence of 100 nmol/L ridaforolimus or vehicle control for 24 hours. Cells were harvested, stained with propidium iodide, and analyzed by flow cytometry to determine DNA content. The percentage of cells in G 1 -, S-, 100 or G 2 -M phase was calculated from FL-2 histograms using ModFit Lt software. *, P < 0.003. D, HT-1080 cells were treated with vehicle, 0.01, 0.1, 1.0, 10, or 100 nmol/L ridaforolimus for 48 hours. For glucose uptake, cells were exposed for 2 hours to the fluorescent glucose analogue 2-NBDG. The level of uptake of this analogue after 2-hour incubation was determined by FACS as the geometric mean of fluorescence intensity of the cell population for each sample. For GLUT1 surface expression, cells were incubated with enhanced green fluorescent protein-conjugated GLUT1 ligand for 30 minutes and the level of binding determined by FACS as above. The relative percent glucose uptake and GLUT1 expression presented was calculated as the ratio of the geometric means of drug treated versus vehicle treated cells. Inset, HT-1080 cells were treated with 100 nmol/L ridaforolimus for 72 hours and the expression levels of HIF-1a, GLUT1, GLUT4, and p-S6 determined by immunoblot. between cell lines difficult (i.e., during a defined assay period, a cytostatic drug will appear to have a greater effect on proliferation of cells that double more quickly in the absence of drug than those that double more slowly). Second, an assay that measures DNA content was used to enumerate cells, rather than one that measures metabolic activity, to avoid potential confounding effects that mTOR inhibition might have on metabolic readouts. Finally, 2 separate parameters were measured to assess the sensitivity of cell lines: the maximal inhibitory effect ridaforolimus had on the cell proliferation rate (i.e., the I max ) and the concentration of ridaforolimus that induced half the maximal effect (i.e., the EC 50 ). Because treatment with a cytostatic compound often does not result in 50% growth inhibition (IC 50 ), IC 50 values may not be calculated for many cell lines.
In an initial study, the effect of a broad range of ridaforolimus concentrations (0.01-100,000 nmol/L) on cell proliferation was examined using a pair of isogenic cell lines that differ only in the activation state of the mTOR pathway. TRI102 cells have a hyperactivated mTOR pathway by virtue of being null for TSC2; in TRI103 cells normal mTOR pathway regulation has been restored by stable reintroduction of the TSC2 gene (14) . In the submicromolar concentration range ridaforolimus treatment had a cytostatic effect on both cell lines. However, a greater I max was seen in the cells with a constitutively activated mTOR pathway (TRI102, Fig. 2A ). Despite the difference in the I max achieved over this range, the EC 50 was similar for both lines, $1 nmol/L. In a concentration range more than 4 orders of magnitude higher (i.e., >30,000 nmol/L), ridaforolimus induced an equivalently potent cytotoxic effect on both cell lines, suggesting that this effect was independent of mTOR. Thus, to restrict analysis of activities of ridaforolimus to those dependent on mTOR inhibition subsequent studies were carried out using only submicromolar concentrations. In this concentration range, these results suggest that the activation status of the mTOR pathway could potentially impact cellular responsiveness to the drug, at least in an otherwise isogenic system. Furthermore, these studies support the Ridaforolimus treatment inhibits tumor cell proliferation independent of PTEN status or AKT activation. To evaluate the level of sensitivity of cells to ridaforolimus, we measured the effect on the rate of cell proliferation rather than on the absolute cell number, because the effect of a cytostatic drug on absolute cell number is directly influenced by the intrinsic cell doubling time. A, matched isogenic renal angiomyolipoma cell lines, TRI102 and TRI103, were treated with ridaforolimus over a broad dose range (0-100 mmol/L). Points, means from duplicate experiments; bars, SD. B, determination of ridaforolimus sensitivity of a panel of tumor cell lines over the indicated concentration range, harvested 72 hours after drug exposure, as described in Materials and Methods. Plot depicts change in growth rate of ridaforolimus-treated cells compared with the growth of vehicle-treated control cells (% cell growth rate). Points, means from at least 3 experiments. C, expression levels of phosphorylated AKT and ribosomal protein S6 (p-AKT and p-S6, respectively) determined by immunoblot analysis following single administration of ridaforolimus (100 nmol/L) for 2 or 24 hours. Phospho-S6 levels were included to confirm target inhibition over the 24-hour time course.
use of the I max parameter as a differentiator of the effects of ridaforolimus on different cell lines.
The antiproliferative activity of ridaforolimus was next assessed against a panel of 12 additional cell lines representing a variety of tumor types. Exposure to ridaforolimus reduced the proliferation of all cell lines, with a broad range of sensitivities observed (Fig. 2B) . HCT-116 cells were the least sensitive, with an I max of only 7%, whereas SK-UT-1B cells were the most sensitive, with an I max of 61% (Table 1) . Despite the range of sensitivities, the EC 50 values for all cell lines were similar, all being in the range of 1 nmol/L (Table 1) . Notably, in HT-1080 cells, the EC 50 for inhibition of cell proliferation (0.5 nmol/L) was similar to the EC 50s for inhibition of S6 and 4E-BP1 phosphorylation (Fig. 1A) . These results suggest that the cytostatic effects observed in these cell lines are mediated by mTOR inhibition and that the magnitude of the effect (I max ) is driven by intrinsic properties of each cell line.
PTEN and AKT phosphorylation status does not predict response to ridaforolimus in a heterogeneous cell line panel
To begin to explore potential molecular correlates of sensitivity, we assessed the relationship between PTEN status and the degree of inhibition by ridaforolimus. As a negative regulator of the mTOR pathway, loss of PTEN has been suggested to confer sensitivity to mTOR inhibitors (8, 9) . As shown in Table 1 , the presence or absence of PTEN did not appear to correlate with the sensitivity of cells to ridaforolimus as there were PTEN positive and negative cell lines at all levels of sensitivity. Thus, it appears that loss of PTEN expression alone is not a strong predictor of sensitivity to ridaforolimus, at least in a heterogeneous panel of cell lines.
Inhibition of mTOR has been shown to induce AKT phosphorylation and activation through inhibition of a negative feedback loop, at least in a subset of cell lines (30, 31) . We examined the effect of ridaforolimus on AKT phosphorylation in 7 cell lines that have a range of sensitivities to ridaforolimus. As shown in Fig. 2C , baseline levels of phosphorylated AKT and the effect that ridaforolimus had on AKT phosphorylation after exposure for 2 and 24 hours varied across the cell lines but neither parameter associated with the level of sensitivity of a cell line to ridaforolimus. However, the temporal activation of AKT in some of the lines (e.g., PC-3 and SK-LMS-1) suggests that ridaforolimus is selectively targeting mTORC1 and not mTORC2 complexes, consistent with the action of other members of the rapamycin analogue class of therapeutic agents. As expected, inhibition of S6 phosphorylation was rapid and sustained in all cell lines (Fig. 2C) .
Ridaforolimus displays antiangiogenic properties
We next conducted studies to investigate potential antiangiogenic effects of ridaforolimus, including its effect on production of VEGF and on the proliferation of endothelial cells, activities previously shown to be regulated by mTOR (23, 32) . The effect of ridaforolimus on production of VEGF was assessed by treating HT-1080 cells, which secrete VEGF constitutively, with 100 nmol/L ridaforolimus. To control for other activities of ridaforolimus, including its general effects on protein translation and cell proliferation, a derivative of the HT-1080 cell line was engineered that constitutively secretes hGH, to allow levels of secreted VEGF to be normalized to levels of secreted hGH. As shown in Fig. 3A , ridaforolimus potently and selectively inhibited VEGF production in a dose-dependent manner, with an EC 50 of approximately 0.1 nmol/L. This effect was selective for VEGF, as it was apparent even after normalization to hGH levels. In a second study, ridaforolimus was shown to potently inhibit proliferation of human endothelial cells (Fig. 3B) with an EC 50 of 0.1 nmol/L and with an I max of 63%, which was greater than the I max of all tumor cell lines examined (Table 1) . These results suggest that ridaforolimus may have antiangiogenic activities in vivo. 
Intermittent dosing of ridaforolimus reduces immunosuppressive activity in vivo
To effectively study the antitumor effects of ridaforolimus in in vivo models, we were interested in determining optimal dosing regimens. The mTOR inhibitor rapamycin, administered on a daily schedule, is used clinically as an immunosuppressive agent to prevent allograft rejection (33) . Although the potential impact of this activity on antitumor uses of mTOR inhibitors is unclear, we set out to investigate whether intermittent dosing regimens of ridaforolimus might reduce any immunosuppressive effects while preserving antitumor activity. To explore this possibility, we used a mouse skin-allograft rejection model, in which an allografted mouse is dosed with various drug regimens, and the duration of survival of the allograft provides a measure of the immunosuppressive activity of the treatment. Mice bearing allografts were dosed subcutaneously with 3 or 10 mg/kg ridaforolimus on 1 of 3 schedules: daily, 5 continuous days every other week, or once weekly. In mice dosed with vehicle the median survival time for the foreign skin graft was 12 days (Table 2 ). In mice dosed daily with 10 mg/kg ridaforolimus, the median survival time was extended to 16 days (P < 0.01), showing that a daily dosing regimen has an immunosuppressive effect in this model. In contrast, in mice dosed with 10 mg/kg on either of the intermittent dosing regimens graft survival was not significantly extended; the median survival for the daily for 5 days every other week regimen was 13 days (P > 0.05) and for the weekly regimen was 12 days (P > 0.05). Similar results were observed in mice dosed with 3 mg/kg on the different regimens (Table 2 ) and similar trends were observed when the mean days of complete graft rejection were compared (data not shown). These results show that in this model, intermittent administration of ridaforolimus limits the immunosuppressive activity that results from daily administration of drug.
Antitumor efficacy and pharmacodynamic activity of ridaforolimus in human tumor xenografts
To determine whether ridaforolimus could exert antitumor effects in vivo when delivered using intermittent dosing regimens, mice bearing PC-3 (prostate), HCT-116 (colon), MCF7 (breast), PANC-1 (pancreas), or A549 (lung) xenografts were dosed i.p. with 3 or 10 mg/kg ridaforolimus on 1 of 2 schedules: daily for 5 days every other week or once weekly. The degree to which tumor growth was inhibited, relative to vehicle treated mice, was calculated for each regimen. Tumor growth inhibition was observed in all 5 models (Table 3 ; Supplementary Fig. S3 ).
The degree and pattern of tumor growth inhibition was particularly notable when mice were dosed on the daily for 5 days every other week regimen. In 4 of the 5 models, significant inhibition was observed when mice were dosed with 3 mg/kg on the daily for 5 days every other week schedule (15 mg/kg over 2 weeks), whereas when mice were dosed with 10 mg/kg on a once weekly schedule (20 mg/kg over 2 weeks) significant inhibition was only seen in 1 model. Dosing on the daily for 5 days every other week schedule also revealed a general trend of enhanced tumor growth inhibition during the 5 day dosing period compared with 9-day period between doses ( Supplementary Fig. S3 ).
To further explore the efficacy of the daily for 5 days every other week dosing schedule, mice bearing SK-LMS-1 cell-derived xenografts (sarcoma) were treated i.p. with doses ranging from 0.1 to 10 mg/kg. As shown in Fig. 4A , ridaforolimus inhibited tumor growth in a dose-dependent manner, with 0.3 mg/kg being the lowest dose that inhibited tumor growth significantly and 3 and 10 mg/kg doses achieving maximum inhibition.
In a separate study, the pharmacokinetic parameters of ridaforolimus were determined in mice administered a single 0.3 to 10 mg/kg dose i.p. A dose-related increase in exposure was observed (Supplementary Table S1 ). After administration of 1 mg/kg, a dose level shown to be efficacious (Fig. 4A) , area under the curves (AUC) of 4,304 and 7,338 h ng/mL were observed in blood and plasma, respectively. After administration of 3 mg/kg, a dose level shown to be maximally efficacious, AUCs of 8,668 and 18,471 h ng/mL were observed. The relatively short in vivo half-life of ridaforolimus in blood and plasma ($4 hours) suggests that daily dosing should not result in significant drug accumulation. Therefore, it is reasonable to extrapolate from this single-dose PK study to draw conclusions about multidose pharmacodynamic and efficacy studies.
Finally, we used the SK-LMS-1 xenograft model to determine whether administration of ridaforolimus inhibited mTOR signaling in vivo and whether the effect on mTOR signaling was associated with inhibition of tumor growth. In addition, plasma levels of ridaforolimus were measured to examine the relationship between ridaforolimus levels at individual time points and inhibition of mTOR signaling in the tumor. Mice were dosed i.p. for 5 consecutive days with 0.1, 1, or 10 mg/kg ridaforolimus and then tumors and blood were collected at various times after the last dose (6, 24, and 72 hours).
When mice were dosed with 0.1 mg/kg, a dose that did not significantly inhibit tumor growth (Fig. 4A) , S6 phosphorylation was only partially inhibited (by 9%-63%) at all 3 postdose time points (Figs. 4B and C) . In contrast, when mice were dosed with 1 or 10 mg/kg, doses that significantly inhibited tumor growth (Fig. 4A) , S6 phosphorylation was inhibited by more than 95% 6 and 24 hours after dosing. At the 72-hour time point, S6 phosphorylation was still inhibited by more than 95% after administration of 10 mg/kg and by 88% after administration of 1 mg/kg. Consistent with the in vitro results showing that 4E-BP1 phosphorylation is not entirely dependent on mTOR in this cell line (Fig. 1A) , less pronounced effects were seen on levels of phosphorylated 4E-BP1 although a similar trend was observed ( Fig. 4B and D) . Although limited sampling precluded a formal assessment of the pharmacokinetic/pharmacodynamic relationship, an association between ridaforolimus plasma levels and pharmacodynamic effect in the tumor could still be observed (Fig. 4C) . For example, at the lowest plasma concentrations measured, 2.8 and 9.4 ng/mL, a substantial decrease in S6 phosphorylation (56% and 88%, respectively) was still observed. 
Discussion
Advances in our understanding of the signal transduction pathways that drive oncogenic transformation have resulted in the emergence of rationally designed cancer therapeutics, offering significant promise for improved patient treatment. Rapamycin and its analogues (ridaforolimus, temsirolimus, and everolimus) represent 1 such class of therapeutic agents under clinical investigation in a number of human cancers (34) . These compounds target mTOR, a key regulator of protein translation and cell checkpoint control. mTOR also provides a convergence point for multiple signaling pathways that respond to growth factors and nutritional status (1, 2) . Ridaforolimus is a novel rapamycin analogue that selectively and potently inhibits mTOR function and, importantly, has shown clinical promise in early trials (27, 28) . This report documents the preclinical characterization and mechanistic analysis of the antineoplastic activity displayed by this targeted therapeutic.
Our in vitro studies confirmed that ridaforolimus leads to inhibition of mTOR activity and hence to inhibition of tumor cell proliferation. In agreement with previous reports of the generally cytostatic nature of mTOR inhibitors (17, 18), we found that ridaforolimus arrests cell growth without evidence of cell death or apoptosis. Inhibiting mTOR leads to accumulation of cells in the G 1 phase of the cell cycle, in part through blockade of the 4E-BP1/eIF4E signaling which is required for the translation of cell-cycle regulators (12, 13) . Consistent with this, we showed a ridaforolimus-dependent increase in the proportion of cells in the G 1 phase. In addition to cellcycle control, mTOR signaling is a key regulator of cell size (35) . Ridaforolimus also inhibited this function, with treatment of HT-1080 cells resulting in a 20% decrease in overall cell size. These cellular effects translated into a broad antiproliferative activity displayed by ridaforolimus in a variety of human cancer cell lines. The extent of maximal inhibition varied among lines tested suggesting that intrinsic properties of each line determine the magnitude of response. Additional factors such as energy deprivation and nutritional status are also important mediators of mTOR activity; therefore changes in these pathways that accompany malignant transformation are also likely to contribute to the cellular response to mTOR inhibition. Indeed, cancer cells characteristically display abnormally elevated glycolytic activity and we observed that ridaforolimus inhibited glucose uptake in tumor cells. Thus, it is reasonable to suggest that the inhibitory effects both on cell-cycle progression and nutrient utilization underlie the antitumorigenic activity of ridaforolimus.
An important aspect to the clinical development of any targeted therapeutic is the identification of biomarkers that may predict tumor sensitivity to the drug. Early evidence suggested that rapamycin and its analogues might be particularly effective against tumors with PTEN inactivation (9) . Loss-of-function mutations in the tumor suppressor gene PTEN result in constitutive activation of AKT and upregulation of mTOR activity, and occur with high frequency in a broad range of human malignancies (36) . Moreover, studies using isogenic tumor models have shown that loss of PTEN resulted in increased sensitivity to mTOR inhibitors (8, 37) . However, we found no correlation between the antiproliferative effects of ridaforolimus and PTEN status in a heterogeneous population of human cancer lines. Similar findings have been reported for everolimus, where PTEN status was insufficient to predict sensitivity in a glioblastoma xenograft model (38) . Further, in breast cancer cell lines, Noh and colleagues reported that overexpression of phosphorylated AKT, independent of PTEN status, was associated with rapamycin sensitivity (39) . Interestingly, mTOR inhibition itself has been shown to induce AKT phosphorylation and activation through inhibition of a negative feedback loop, at least in a subset of cell lines (30, 31) . Such an effect would be expected to attenuate tumor responses. We investigated this possibility but found that induction of AKT phosphorylation following ridaforolimus treatment was also not predictive of the degree of antiproliferative response in vitro. This result is consistent with the lack of correlation between everolimus sensitivity and p-AKT induction in a diverse panel of tumor cell lines (40) . Although these data suggest that PTEN or AKT do not predict response to ridaforolimus, the heterogeneous nature and small number of cell lines examined preclude definitive assessment of these markers. Alternatively in TSC cell lines, activation of the mTOR pathway by loss of the upstream tumor suppressor, TSC2, did increase sensitivity to ridaforolimus (Fig. 2A) . The utility of TSC2 status as a general predictive indicator of mTOR inhibitor activity in cancer remains uncertain. To date, no robust molecular markers predictive of response to an mTOR inhibitor have been determined and clinically validated, and this remains an important challenge in the field.
Added complexity arises from the observation that even cell lines that are poorly sensitive to mTOR inhibitors in vitro can be inhibited in vivo (41) . For example, we found that the in vitro sensitivity of HCT-116 cells to ridaforolimus did not predict its in vivo sensitivity. HCT-116 cells were the least sensitive to the antiproliferative effects of ridaforolimus in vitro, with an I max value of only 7%, yet growth of xenograft tumors was significantly inhibited (48%-63%). It has been proposed that such a discrepancy can be explained, at least in part, through specific antiangiogenic and antivascular activities of mTOR inhibition that manifest in vivo (23, 42) . HIF-1 transcriptional activation of the VEGF gene is a known downstream effect of mTOR signaling, and mTOR inhibitors have been shown to attenuate the expression of both HIF-1 and VEGF (43) (44) (45) . Here we show significant inhibition of VEGF production in response to ridaforolimus treatment using fibrosarcoma cells that typically secrete substantial levels of this growth factor, as well as potent inhibition of HUVEC cell proliferation. Taken together, these data are consistent with an integral role for mTOR signaling in regulating aspects of endothelial cell biology and angiogenesis, which in turn may influence tumor sensitivity to ridaforolimus.
Because mTOR is ubiquitously expressed and involved in many normal cellular processes, an important consideration for the development of mTOR inhibitors for oncology has been the potential for mechanism-based side effects (46) . One known function for mTOR is in controlling immune responses through its role in IL-2-stimulated T cell proliferation. Daily administration of rapamycin is indicated for the prevention of allograft rejection in patients, and rapamycin analogues with similar mTOR inhibitory activity, such as ridaforolimus, would be expected therefore to have similar immunosuppressive potential, which a priori would seem to be undesirable in cancer patients. Previous studies have suggested that the effects of mTOR inhibitors on T cells resolve within 24 hours of dosing, suggesting that daily dosing is required to maintain immunosuppression (47) . Our studies using a mouse skin allograft rejection assay showed that intermittent administration of ridaforolimus, such as with weekly or daily for 5 days every other week schedules, functionally eliminated the immunosuppressive activity that resulted from daily administration of the drug. However, these identical intermittent schedules and dose levels led to strong antitumor responses in multiple xenograft models. Together, these observations indicate that the antitumor activity of mTOR inhibitors can be uncoupled from their immunosuppressive effects-and potentially from other systemic effectsby using an optimized intermittent dosing regimen.
In xenograft studies, treatment for 5 continuous days every other week was generally superior to the weekly administration regimen. We used this optimized dosing schedule in a sarcoma model to confirm the association between inhibition of mTOR signaling and inhibition of tumor growth. Doses that inhibited tumor growth significantly (1 or 10 mg/kg) inhibited tumor S6 phosphorylation, whereas a dose that did not inhibit tumor growth significantly (0.1 mg/kg) did not inhibit signaling appreciably. This study also showed that inhibition of S6 phosphorylation could be maintained for at least 72 hours after dosing, which recapitulates the longest period without dosing in a daily for 5 days every week regimen. This finding may help explain why intermittent dosing regimens retain antitumor activity in these models.
The findings reported here have been incorporated into the ongoing clinical development of ridaforolimus, where intermittent dosing schedules, administered intravenously, were well tolerated and shown initial activity in several tumor types, including sarcoma (27, 28) . In a phase 1 study that examined the same daily for 5 days regimen explored here (28) levels of exposure in patients administered the recommended phase 2 dose (RP2D) level of 12.5 mg/day (AUC 4,690 ng h/mL in blood) were comparable to those observed after administration of an efficacious dose level of 1 mg/kg in mice (AUC 4,304 h ng/mL in blood). Direct comparison of pharmacokinetic parameters is complicated by differences in blood-plasma partitioning between the species, and a much longer half-life in humans (56-74 hours; ref. 28 ).
In summary, here we report the preclinical characterization of ridaforolimus, a potent inhibitor of mTOR. Ridaforolimus showed broad inhibitory effects on cell growth, division, metabolism, and angiogenesis, and exhibited antitumor activity in a wide range of in vitro and in vivo model systems. The relationship between ridaforolimus exposure and activity was established in a broad range of tumor types, as was the relationship between target inhibition and efficacy using a model of sarcoma. Our studies provide strong support for the continued clinical development of ridaforolimus as a targeted cancer therapeutic.
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